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hlh-8 (tm726)The temporospatial regulation of genes encoding transcription factors is important during development. The
hlh-8 gene encodes the C. elegans mesodermal transcription factor CeTwist. Elements in the hlh-8 promoter
restrict gene expression to predominantly undifferentiated cells of the M lineage. We have discovered that
hlh-8 expression in differentiated mesodermal cells is controlled by two well-conserved E box elements in
the large ﬁrst intron. Additionally, we found that these elements are bound in vitro by CeTwist and its
transcription factor partner, CeE/DA. The E box driven expression is eliminated or diminished in an hlh-8 null
allele or in hlh-2 (CeE/DA) RNAi, respectively. Expression of hlh-8 is also diminished in animals harboring an
hlh-8 intron deletion allele. Altogether, our results support a model in which hlh-8 is initially expressed in the
undifferentiated M lineage cells via promoter elements and then the CeTwist activates its own expression
further (autoregulation) in differentiated cells derived from the M lineage via the intron elements. This
model provides a mechanism for how a transcription factor may regulate distinct target genes in cells both
before and after initiating the differentiation program. The ﬁndings could also be relevant to understanding
human Twist gene regulation, which is currently not well understood.ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The regulation of key transcription factors is central to proper
development. Twist is a transcription factor that is essential in
mesoderm development and misregulation of Twist leads to several
human diseases. Twist loss-of-function mutations result in an autoso-
mal dominant craniosynostotic disorder called Saethre–Chotzen syn-
drome characterized by premature closure of the cranial sutures
(Wilkie, 1997). On the other hand, up-regulation of Twist has been
implicated in cancer metastasis (Yang et al., 2004). Thus, insights into
Twist gene regulation are critical for understanding disease progression
of both cancer and craniosynostotic disorders.
Twist is a basic helix-loop-helix (bHLH) transcription factor. bHLH
proteins regulate their target genes by binding to DNA with the basic
domain at a canonical E box site CANNTG. The helix-loop-helix domain
is important for dimerization. The Twist pathway is conserved from
Caenorhabditis elegans to humans (Wanget al., 2006)with onehomolog
of Twist in C. elegans, CeTwist. The bHLH domain in CeTwist is 59%–63%
identical to Twist in other species (Harfe et al., 1998b). Therefore, the
target sequences and dimer partners are likely to be conserved between
humans and C. elegans. There is currently limited information regarding
the human gene regulation. Both hypoxia-inducible factors (HIFs) (Gortet al., 2008) and a member of the Hox family, MSX2, have been
suggested as direct regulators of human Twist (Satoh et al., 2008).
However, in humans, Twist is expressed under non-hypoxic conditions
and MSX2 is unlikely to be entirely responsible for Twist expression.
Therefore, understanding the regulation of CeTwist may provide
information about the control of human Twist gene expression.
CeTwist is expressed in a subset of non-gonadal mesodermal
derived tissues, including muscles (Fig. 1). It is expressed in the four
enteric muscles that are required for defecation, and in the sex
muscles, which are required for egg laying (Harfe et al., 1998b). The
sex muscles arise from the Mmesoblast cell and Twist is expressed in
the undifferentiated cells of this lineage (Harfe et al., 1998b). CeTwist
is also found in the coelomocytes, which are derived from the M
lineage (Harfe et al., 1998b) and is predicted to be expressed in the
headmesodermal cell (hmc) based on activation of a target gene (Zhao
et al., 2007). Differentiation of the tissues where CeTwist is found
occurs both embryonically and post-embryonically and in non-lineally
related cells (Sulston and Horvitz, 1977; Fig. 1). Therefore, the precise
temporospatial regulation of the gene is expected to be complex.
The promoter of the hlh-8 gene, which codes for CeTwist, has been
examined and elements controlling coelomocyte and undifferentiated
M lineage expression have been identiﬁed (Harfe et al., 1998b). TheM
lineage expression is regulated by two Hox factors, LIN-39 andMAB-5,
and a PBC homology co-factor, CEH-20 (Liu and Fire, 2000). Hox genes
are important in the patterning and formation of the anterior/
posterior axis in many organisms (Hueber and Lohmann, 2008). Due
Fig. 1. CeTwist is expressed in four different cell lineages. An abbreviated lineage of C.
elegans during embryogenesis (Emb) and post-embryogenesis (Post-Emb). Founder
cells are grey. Cells that express CeTwist are shown in color, green for CeTwist
expression controlled by elements in the promoter region and orange for CeTwist
expression controlled by intron 1 elements. Dashed lines correspond to cell divisions
not shown. Abbreviations: hmc, head mesodermal cell; mu int L and mu int R, left and
right intestinal muscles, respectively; mu anal, anal depressor; mu sph, anal sphincter;
bwm, body wall muscles; cc, coelomocytes, vm, vulval muscles; um, uterine muscles
(Sulston and Horvitz, 1977; adapted from Zhao et al., 2007).
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enteric muscles, respectively, it is unlikely that the same Hox genes
control hlh-8 expression in all of these tissues. Furthermore, as in
humans, there is a link between hypoxia and CeTwist. RNAi
experiments that knock-down CeTwist suppress the phenotype of a
constitutively active HIF mutant (Gort et al., 2008). In addition, there
are potential hypoxia-response element sites in the promoter and
introns of hlh-8. However, it is unlikely that HIFs are the sole
regulators of hlh-8 since target gene expression is observed under
non-hypoxia situations (Wang et al., 2006). Therefore, further
investigation of hlh-8 gene regulation is warranted.
This study focuses on additional cis-acting elements involved in
hlh-8 regulation. We identify two hlh-8 intron E boxes, E1 and E2,
which are necessary for expression of CeTwist in the vulval muscles,
enteric muscles and the hmc. We show through the use of an hlh-
8 presumptive null mutant and in vitro binding studies that CeTwist
directly regulates its own expression (autoregulation) through the E2
site. We also utilize a CeTwist mutant that contains an hlh-8 intron
deletion to further explore the gene regulation. Our current studies
support a model where the promoter and Hox factors provide a basal
level of CeTwist in the undifferentiated cells of the M lineage.
Autoregulation then provides a higher level of CeTwist in the vulval
muscles, which differentiate from the M lineage, and potentially in
other differentiatedmesodermal cells. Autoregulation has been shown
for other bHLH factors inmammals; however this is the ﬁrst time it has
been demonstrated for any Twist family gene. In addition, the altered
level of CeTwist protein that is expressed from the E2 site could be
required for distinct target gene regulation in differentiated cells.
Materials and methods
C. elegans strains and maintenance
Animals were maintained according to standard conditions and
techniques (Brenner, 1974). Investigations were done at 20 °C. ThreeC. elegans strains were used in this study: N2wild-type, hlh-8(nr2061)
referred to as hlh-8(−) (Corsi et al., 2000), and hlh-8(tm726) denoted
here as hlh-8(iΔ). The hlh-8(iΔ) allele was isolated by the National
Bioresource Project of Japan. The strain was backcrossed eight times,
and the deletion was conﬁrmed through sequencing.
Previously integrated gfp reporter constructs were introduced into
hlh-8(iΔ) animals by standard genetic mating and conﬁrmed through
PCRandoutcrossing toN2 animals. The following gfp reporter lineswere
used in this study: arg-1::gfp ccIs4443(II) (Corsi et al., 2002); egl-15::gfp
ayIs2(IV) (Harfe et al., 1998a); NdEbox::gfp ccIs4656(IV) which contains
the regulatory DNA of ceh-24(Harfe and Fire, 1998); hlh-8::gfp ayIs7(IV)
which contains sequences upstream of hlh-8 in plasmid pBH47.70
(Harfe et al., 1998b); and hlh-8::gfp ccIs4438 (IV) (Yanowitz et al., 2004)
which is expressed in all 6 coelomocytes and contains the coelomocyte
enhancer from the hlh-8 promoter (Harfe et al., 1998b).
To gain an accurate expression period of the egl-15::gfp reporter,
individual L4 animalswere scored every hour to 2 h for gfp expression.
Concurrently, the stage of development for each hermaphrodite was
determined by observing the morphology of the developing vulva.
This allowed for accurate assessment of the initiation of egl-15::gfp
expression. Once the animals reached adulthood, they were scored
several times a day to determine when the egl-15::gfp was no longer
expressed. Animals were scored for the M lineage division defects
using the hlh-8::gfp ayIs7(IV) reporter and individual larvae starting
from the L1 stage were scored several times a day until the adult stage
was reached.
Construction of hlh-8 intron gfp transgenic lines
Reporter constructs were made from the hlh-8 ﬁrst intron regions
that were ampliﬁed via PCR and inserted into the multiple cloning
site of the egl-18::gfp minimal promoter vector pKKMCS (gift from
J. Wagmaister and D. Eisenmann; Wagmaister, et al., 2006) and the
cloning junctions were sequenced. In order to test E1 and E2
contribution in the intron, the construct pSM7 (E1E2) was used for
Site-DirectedMutagenesis withmutant primers and the Quick Change
Site-Directed Mutagenesis Kit (Stratagene Cat# 200516). The mutant
constructs were conﬁrmed through sequencing prior to injection into
N2 animals (see below).
To examine the intron and promoter regions together, reporter
constructs pSM27 and pSM28 were made from the 3.7 kb hlh-
8 promoter, ﬁrst exon, and ﬁrst intron by Sequence Overlapping
Extension (SOE) PCR (Hobert, 2002). Due to the length of the construct,
a modiﬁed SOE PCR process was used to change E1 and E2 sites from
CATCTG to AATCAG in pSM28. Brieﬂy, mutagenic primers were used to
change the E2 site in two standard PCR reactions, and then SOE PCRwas
used to fuse the two products together. These stepswere repeated with
mutagenic primers to change theE1 site. The resulting productwas then
cloned into a vector containing the hlh-8 promoter and entire genomic
region, and the insert was sequenced to conﬁrm the E1 and E2 E boxes
weremutated. The conﬁrmed construct was used as a template for SOE
PCR to fuse gfp cDNA to the hlh-8 DNA.
N2 animals were transformed with the plasmid gfp reporter
constructs (100 μg/ml) or SOE gfp reporter constructs (60 μg/ml) and
the transformation marker pRF4 (50 μg/ml) by standard microinjec-
tion techniques (Mello et al., 1991). At least two independent lines
were isolated and 30 animals per line were scored for gfp expression.
Homologous alignments of distantly-related nematodes
Sequences were obtained and BLASTs were performed on
WormBase (www.WormBase.org). ClustalW alignment of homolo-
gous regions was generated from http://www.ebi.ac.uk/Tools/
clustalw2/index.html. Shading of the alignment was produced from
BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.
html).
Fig. 2. Intron 1 sequences control expression of hlh-8 in differentiatedmesodermal tissues. (A–C) Schematic representation of the tissues where hlh-8 is expressed from intron elements.
(D–F) Nomarski and (G–I) gfp images of tissues. gfp expression is in (A, D, and G) the head mesodermal cell, (B, E, and H) the vulval muscles, (C, F, and I) and the four enteric muscles.
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EMSA
Electrophoretic Mobility Shift Assays (EMSA) used recombinant
CeTwist and CeE/DA that were puriﬁed from Escherichia coli strains as
described in Zhao et al., 2007. A wild-type and E box mutated set of
four pairs of 20mers were designed (Fig. 5B). The probes were
radiolabeled with γ-AT32P followed by incubation with the puriﬁed
CeTwist and/or CeE/DA protein according to Harfe et al., 1998b. The
input concentrations of proteins were determined by SDS-PAGE
examination. The protein-probe mixture was separated with a 6%
native polyacrylamide gel (Invitrogen Cat# EC63655BOX) followed by
autoradiography and phosphorimage analysis.
Knock-down of CeE/DA by RNA interference (RNAi)
Animals containing the pSM10(E2a) plasmid were subjected to
RNAi feeding treatment (Kamath et al., 2000). Nematode Growth
Media agar plates containing 100 μg/ml ampicillin and 0.35 mM
IPTG were used to culture HT115(DE3) E. coli. The hlh-2 dsRNA
expression in HT115(DE3) was induced by a 24-hour room
temperature incubation. L1 larvae were fed either HT115(DE3)
expressing hlh-2 dsRNA or containing an empty L4440 vector.Fig. 3. Two E boxes in intron 1 are necessary for expression of hlh-8::gfp in differentiated tis
construct (black rectangle) or reportersweremade using gfp cDNA (hashed rectangle). gfp act
entmus), andheadmesodermal cell (hmc). The gfp expression is reported based on the percen
(7–19%), − (0–6%). (A) Line drawing of the hlh-8 locus. The ﬁrst nucleotide of all exons and
vertical arrows (see Fig. 7B for sequence at the 3′ end). pSM1 includes the entirety of intron 1 a
smaller region of DNA that retained expression. E1 and E2 are indicatedwith asterisks. (C) pSM
fragments that contain the E1 E box, pSM14(E1b), and strongly retained in those with the
deletion starts. (E) Site-Directed Mutagenesis (m) of E1 and E2. (F) Expression of gfp was ad
contained only hlh-8 intron 1 DNA, did not express in the M lineage, pSM1. The pBH47.70 rep
Elements in the promoter of hlh-8 (depicted with ^) control expression in the M lineage p
expressed in both differentiated and undifferentiated cells. E1 and E2 are mutated in pSM28
cells.Animals were moved every 24 h to a new RNAi feeding plate and
adult animals were scored.
Reverse transcription PCR (RT–PCR) and splice product cloning
Glass beads (Sigma) and Trizol Reagent (Invitrogen Cat# 15596-
018) were used to extract total RNA from hlh-8(iΔ) and N2 animals
(Wang et al., 2006). M-MuLV Reverse Transcriptase (New England
Biolabs Cat# M0253S) was used with a poly-A primer to make cDNA–
mRNA hybrids, which were subjected to PCR with primers from hlh-
8 exon 1 and exon 5. Actin primers were used for total mRNA quantity
control. Spliced products were individually extracted from an agarose
gel and subjected to TA-cloning using vector pCR®2.1 (Invitrogen
Cat# K2020). The cDNA clones were sequenced to identify the splice-
site locations.
Results
hlh-8 intron 1 sequences control expression in a subset of differentiated
mesodermal tissues
Elements that control the expression of hlh-8 in undifferentiatedM
lineage cells and in coelomocytes were previously identiﬁed in thesues. Different regions of intron 1 were inserted into the egl-18::gfp minimal promoter
ivitywas scored in the vulvalmuscles (vm), entericmuscles (mu ints,mu sph,mu anal or
tage of animals expressing the gfp:+++(90–100%);++(60–89%);+ (20–59%),+/−
intron 1 are numbered above. The hlh-8(iΔ) 5′ deletion break points are indicated by
nd all E boxes are indicated (asterisks). (B) Four sets of constructs weremade to isolate a
7 (E1E2)was divided into 5 smaller fragments. Expressionwasweakly retained in those
E2 E box, pSM15(E2b). (D) pSM20(iΔ2) is a 3′ deletion of pSM10 where the hlh-8(iΔ)
ditionally scored in the undifferentiated cells of the M lineage (M dec). Constructs that
orter contains the promoter and the ﬁrst nine amino acids of hlh-8 (Harfe et al., 1998b).
SM27 contains the promoter, exon 1, and the complete DNA of intron 1, and the gfp is
and expression was lost in the differentiated cells, but remained in the undifferentiated
227S.G. Meyers, A.K. Corsi / Developmental Biology 346 (2010) 224–236
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translational constructs containing the entire hlh-8 genomic sequence
have a broader expression pattern (Harfe et al., 1998b). We
investigated the large ﬁrst intron for additional elements that control
hlh-8 expression. We used a plasmid, pKKMCS, containing an egl-18::
gfp minimal promoter that can be activated by juxtaposition to a
tissue-speciﬁc enhancer element to express gfp in a temporospatial
orientation reﬂecting the activity of the element (Wagmaister et al.,
2006). Transgenic animals containing a construct with the entire 2 kb
hlh-8 intron 1 expressed gfp in the hmc, the vulval muscles (vms), and
the enteric muscles (Figs. 2, 3A). This construct did not express in the
M lineage or in the coelomocytes. A series of increasingly smaller,
overlapping constructs was used to isolate a minimal enhancer region
sufﬁcient to drive expression in mesodermal tissue (Fig. 3B). A 503
nucleotide fragment that expressed gfp in all analyzed tissues was
identiﬁed (pSM7(E1E2); Fig. 3B). pSM7(E1E2) contained two E boxes
referred to here as E1 and E2 (Fig. 3A). pSM7(E1E2) was divided into
two constructs, pSM9(E1a) and pSM10(E2a), containing either E1 or
E2, and each had expression in a subset of the tissues (Fig. 3B).
Constructs made from smaller portions of pSM7(E1E2) revealed two
163 nucleotide regions, with either E1 or E2, which were sufﬁcient to
drive gfp in some of the tissues where hlh-8 is expressed (pSM14(E1b)
and pSM15(E2b); Fig. 3C). Altogether, E1 or E2 containing constructs
were able to express gfp and those with E2 alone expressed gfp in
more tissues in a higher frequency of animals than those with E1
alone (Figs. 3B,C).
An interesting allele of hlh-8, whose phenotype is described
below, contains a 646-nucleotide deletion of the 3′ region of intron 1
(Fig. 3A). To predict the expression pattern for the hlh-8(tm726) locus,
referred to as hlh-8(iΔ), additional gfp reporters were examined. The
DNA deleted in hlh-8(iΔ) animals was not sufﬁcient to drive gfp
expression (pSM4(iΔ1); Fig. 3B). A modiﬁed construct of pSM10(E2a)
was made that removed the deleted nucleotides in the hlh-8(iΔ) locus
(pSM20(iΔ2); Fig. 3D). Interestingly, the DNA that is adjacent to E2
but is absent in hlh-8(iΔ) animals was necessary for strong expression
in nearly all tissues (compare pSM10(E2a) to pSM20(iΔ2); Fig. 3B,D).
Therefore, it is unlikely that the DNA deleted in the hlh-8(iΔ) locus
contained any elements that were sufﬁcient for expression, but
appears important for conferring strong expression from E2-contain-
ing constructs.
E1 and E2 E boxes regulate hlh-8 expression
To examine the contributions of E1 and E2 to gfp expression, Site-
Directed Mutagenesis (SDM) was performed to mutate E1 and E2 in
pSM7(E1E2). The E boxes were changed from CATCTG to AATCAG,
which is expected to eliminate E box function (Karp and Greenwald,
2003). Mutating E1 did not affect the reporter from being activated in
all scored tissues although the expression levels increased in the
enteric muscles and hmc: from 46% of animals to 55% for mu int, 35%
to 74% for mu sph, 22% to 66% for mu anal and 56% to 82% for hmc
(compare pSM7(E1E2) to pSM24(E1mut); Figs. 3B,E). This expression
pattern is similar to pSM10(E2a) that contains E2 and lacks E1 where
71% of animals expressed inmu int, 69% inmu sph, 84% inmu anal and
68% in hmc (compare pSM10(E2a) to pSM24(E1mut); Figs. 3B,E).
Mutation of E2 resulted in gfp expression only in the anal sphincter
(pSM25(E2mut); Fig. 3E). Furthermore, when both E1 and E2 are
mutated, gfp expression was absent (pSM26(E1E2mut); Fig. 3E).
Therefore, SDM conﬁrmed that E1 and E2 are necessary for full
expression of gfp in the hmc, vms and enteric muscles and E2 is more
important than E1 for this function.
E1 and E2 elements are necessary for expression in differentiated tissues
Our reporter construct data taken together with previously
reported data (Harfe et al., 1998b) suggested that the intron elementscontrolled expression in differentiated tissues, whereas promoter
elements controlled expression in the undifferentiated M lineage
(pSM1 and pBH47.70; Fig. 3F). To conﬁrm this hypothesis, we
engineered gfp lines that contained both the native hlh-8 promoter
and the intron elements. A gfp construct, pSM27, that included
3703 bp upstream of the hlh-8 ATG, exon 1, and intron 1, had
expression in the M lineage, enteric muscles, vms, and hmc. However,
when the E1 and E2 sites were abolished by changing the E box
nucleotides to AATCAG, only expression in the M lineage persisted
(pSM27 and pSM28; Fig 3F). These results conﬁrm that E1 and E2 are
necessary for expression of hlh-8::gfp in differentiated tissues.
Extensive homology of a portion of intron 1 exists between
distantly-related nematodes
A nucleotide comparison analysis was performed to determine the
degree of conservation between the ﬁrst intron of hlh-8 in C. elegans
with the ﬁrst intron of hlh-8 homologs in four distantly-related
nematode species (Fig. 4). Interestingly, there was a long 470-
nucleotide (1128–1597) region of C. elegans intron 1 homology across
the varying species. When this C. elegans sequence was compared
with the other species, C. elegans had 74% identity with C. brenneri,
72% identity with C. briggsae, 57% identity with C. japonica and 74%
identity with C. remanei. However, when all ﬁve sequences were
aligned there was 32% nucleotide identity. In support of the
importance of the two intron E boxes, E1 and E2 were perfectly
conserved in all ﬁve distantly-related species (Fig. 4). Furthermore,
the last 124 nucleotides of the homologous region are deleted in the
hlh-8(iΔ) mutant discussed below. However, this region is not shown
in the alignment since there is no more than 3 bp in a row that are
conserved among all ﬁve species.
CeTwist and CeE/DA proteins bind to E1 and E2 E boxes in vitro
An in vitro ElectrophoreticMobility Shift Assay (EMSA)was used to
ask if CeTwist and/or its known binding partner, CeE/DA, were able to
bind to E1 and E2. Radiolabeled 20mers containing single E boxeswere
incubated with puriﬁed, recombinant CeTwist and/or CeE/DA for the
EMSA. In addition to E1 and E2, two additional E boxes were tested in
this assay (Figs. 5A,B). The control (Tw) E box was used as a negative
control because it does not confer gfp expression (pSM3; Fig. 3B). The
E2 (arg-1) E box is found in the well-characterized promoter region of
the CeTwist target gene, arg-1, and was used as a positive control in
this experiment (Zhao et al., 2007). Furthermore, E1 (Tw), E2 (Tw) and
E2 (arg-1) all have the same E box sequence, CATCTG (Fig. 5B).
Interestingly, CeTwist homodimers and CeTwist/CeE/DA heterodi-
mers bound with greater afﬁnity to E2 (Tw) than E1 (Tw) (Fig. 5C).
Quantiﬁcation demonstrated that CeTwist homodimers bound 4.5 fold
more to E2 (Tw) than E1 (Tw) and CeTwist/CeE/DA heterodimers
bound 3.6 fold more E2 (Tw) than E1 (Tw). More CeTwist/CeE/DA
heterodimers preferentially bound to the probes than CeTwist
homodimers when increasing amounts of CeE/DA protein were
added. Importantly, the proteins were not able to bind to the Control
(Tw) E box 20mer, nor tomutant E boxprobes (Fig. 5C). The EMSAdata
correspondedwith the gfp expressiondata since E2 had greater afﬁnity
for CeTwist and CeE/DA than E1, and E2 constructs led to broader
tissue expression than E1 constructs (Figs. 3B,C,E, 5C).
hlh-8 undergoes autoregulation through E2
Since both CeTwist homodimers and CeTwist/CeE/DA heterodi-
mers bound E1 and E2 in vitro, it was important to address whether
these proteins were required for hlh-8 expression in vivo. The pre-
sumptive null mutant, hlh-8(nr2061), referred to here as hlh-8(−),
was used to address whether hlh-8 can control its expression through
the intron. The hlh-8(−) animals contain a large 1267 nucleotide
Fig. 4. Conservation of intron 1 between distantly-related nematodes. Alignment of a portion of hlh-8 intron 1 in C. elegans and homologs found in C. brenneri, C. japonica, C. briggsae
and C. remanei. Shown is the DNA of intron 1 that had overlapping conservation between the ﬁve species. Black shading indicates all ﬁve nucleotides from each species are identical.
Red boxes mark the location of the E1 and E2 E boxes. The purple line indicates the nucleotides deleted in the hlh-8(iΔ) mutation. Further downstream, there was no extensive
homology among the ﬁve species so that alignment is not shown.
229S.G. Meyers, A.K. Corsi / Developmental Biology 346 (2010) 224–236deletion that removes 95% of the DNA responsible for coding the helix-
loop-helix domain and are egg-laying deﬁcient (Egl) and constipated
(Con) due to the improper development of the vms and enteric
muscles, respectively (Corsi et al., 2000). However, when reporterFig. 5. CeTwist dimers can bind to E1 and E2 in vitro. An EMSAwas done with CeTwist and its
E boxes used in the EMSA: E1 (Tw), E2 (Tw), Control (C) (Tw). (B) 20mer probes used in ge
indicate nucleotides that were mutated as a negative control. (C) Native gel containing the ra
as CeTwist protein was added to the reaction than in 1x and half as much as in 4x. Arrows
CeTwist/CeTwist homodimers (Tw/Tw-lower). WT corresponds to using the probes in B. M
dimers bound with higher afﬁnity to E2 (Tw) than E1 (Tw) and did not bind to the Controconstructs of non-CeTwist target genes in the vms are introduced
into the hlh-8(−) background, vulval muscle-like cells are observed.
The vulval muscle-like cells are able to make connections to the body
wall as seen with myo-3::gfp, but are not formed properly and theknown binding partner CeE/DA. (A) Line drawing indicating the position of the 3 intron
l shift assays contain the E box (underlined) and 14 ﬂanking nucleotides. The asterisks
dio-labeled probes plus varying amounts of puriﬁed protein. 2x indicates twice as much
point to the bands corresponding to CeTwist/CeE/DA heterodimers (Tw/E-upper) or
ut corresponds to the mutated E box probes changed from CANNTG to AANNAG. Twist
l (Tw) E box.
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T12D8.9 is a non-target gene that is expressed in vulval muscle-like
cells of hlh-8(−) animals (Fox et al., 2007; Wang et al., 2006). A gfp
reporter construct from T12D8.9 or pSM10(E2a) (Fig. 3B) was crossed
into hlh-8(−) animals. The extrachromosomal T12D8.9::gfp reporter
was expressed in the vms of 97% of wild-type young adults (n=30)
and in vulval muscle-like cells of 100% of hlh-8(−) young adults
(n=24). In a wild-type background, pSM10(E2a) was expressed in
the vm cells of 92% of young adults (n=66). However, there was no
expression of pSM10(E2a) in the vulval muscle-like cells of hlh-8(−)Fig. 6. hlh-8 is autoregulated through E2. Nomarski and gfp images of the vulval region of wil
of CeTwist, T12D8.9 (A, B, E, and F) and pSM10(E2a) (C, D, G, and H). gfp expression was lost
not with the T12D8.9 reporter in F. Asterisks mark the vulval opening where vms or vm-likyoung adults (n=59) (Fig. 6). Therefore, the expression of pSM10
(E2a) in the vms depends upon the presence of wild-type CeTwist
molecules.
Regulation of hlh-8 by CeE/DA
Since a null mutation of the gene that encodes for CeE/DA, hlh-2, has
not been isolated, hlh-2 RNAi was performed to investigatewhether the
CeTwist bHLH partner, CeE/DA, is also responsible for hlh-8 expression.
CeE/DA is required early in embryogenesis and to circumvent thisd-type (A–D) and hlh-8(−) animals (E–H) with reporter constructs of a non-target gene
in vulval muscle-like cells in hlh-8(−) animals with the pSM10(E2a) reporter in H, but
e cells are located.
Fig. 7. hlh-8(iΔ) animals are constipated and partially egg-laying defective. (A) Line drawing of the genomic region of hlh-8. The regions that encode the basic and helix-loop-helix
domains are indicated above. The nucleotides deleted in hlh-8(iΔ) and the null allele hlh-8(−) are indicated with black bars. (B) 3′ sequence of intron 1 adjacent to exon 2 in wild-
type and hlh-8(iΔ) animals. Grey nucleotides represent DNA 5′ of the deletion break point. (C–H) Nomarski images with asterisks marking the vulva location. (C, E, and G) L4 larvae.
Arrow indicates the lumen of the intestine. Note the expanded lumen in E and G. (D, F, and H) adults. (F) In hlh-8(iΔ) animals, embryos are overlapping each other as they are backing
up in the uterus. (H) In hlh-8(−) animals, developing late-stage embryos can be seen within the hermaphrodite.
231S.G. Meyers, A.K. Corsi / Developmental Biology 346 (2010) 224–236
Table 1
gfp expression pattern of CeTwist downstream gene reporters and coelomocyte reporter
in wild-type and hlh-8mutant animals.
a Integrated reporters: arg-1::gfp and egl-15::gfp are downstream targets of hlh-8.
Ndebox::gfp is a transcriptional reporter of ceh-24, also a downstream target of hlh-8.
Intrinsic cc::gfp is expressed in all six coelomocytes (cc) including the two that arise
from the M lineage.
b n value was greater than 100 for each category with the exception of wild-type
(n=33) and hlh-8(iΔ) (n=46) animals being scored with the intrinsic cc::gfp reporter.
c Symbols used: +, reporter expression present in animals; −, no gfp expression;
+/−, non-wild-type expression.
d 15% of animals expressed gfp; 74% of those turned off prematurely as compared to
wild-type animals which had persistent gfp expression past day 2 of adulthood.
e 23% of animals did not have 6 coelomocytes as found in wild-type.
Table 2
M lineage descendants in wild-type and hlh-8 mutant animals.
Genotype M lineage pattern in animalsa
D/V division of M cell 2 SM-like cells Division of SM-like cells
Wild-type 100% (72)b 100% (22) 100% (26)
hlh-8(−) 30% (98) 32% (38) 100% (27)
hlh-8(iΔ) 79% (97) 48% (44) 92% (53)
a Animals expressed an integrated hlh-8::gfp that contained a promoter and no
coding sequences.
b n values of animals scored are in parentheses.
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transgene were fed bacteria expressing either hlh-2 dsRNA or an
empty control vector (Krause et al., 1997; Kamath et al., 2000).
Previously, it was shown that hlh-2 RNAi-treated animals are sterile
with a protruding vulva (Pvl) (Kamath et al., 2000; Karp andGreenwald,
2004). Hence, the gfp pattern of RNAi-treated animals was scored in
conjunction with those phenotypes to ensure the animals had a
sufﬁcient decrease in CeE/DA. In 58% of the hlh-2 RNAi-treated animals
(n=86), the gfp was expressed in the vms, compared to 92% of the
control animals (n=92). The hmc and enteric muscles are already born
and expressing the gfp at the time of treatment so this experiment
would only detect whether CeE/DA was required for maintenance
rather than initial expression in these cells. The hmc expression
decreased from 91% in control animals to 84% in treated animals and
expression in the enteric muscles decreased from 100% in control
animals to 93% in treated animals. The decrease of gfp expression in hlh-
2RNAi-treated animalswas not as dramatic as seen in hlh-8(−) animals
and may reﬂect the difference in protein decrease with the CeE/DA
knock-down technique versus the CeTwist knock-out approach.
Alternatively, there may be a partial requirement of CeE/DA in hlh-
8 transcriptional regulation. Nonetheless, the RNAi experiments
revealed an important role for CeE/DA in hlh-8 regulation in the vms.
An hlh-8 intron mutant has a subset of hlh-8(−) defects
To further investigate the control of hlh-8 expression, hlh-8(iΔ)
animals containing a 646-nucleotide intron 1 deletion mutation were
characterized. The 3′ break point of the deletion preserves the AG of
the splicing acceptor site adjacent to exon 2, known to be required for
splicing in a variety of genes (Aroian et al., 1993; Figs. 7A,B). The hlh-8
(iΔ) animals were Con and able to lay embryos, but not at a wild-type
rate, thus leading to embryos becoming stacked within the uterus
(Semi-Egl) and an overall lower brood size (Figs. 7E,F). hlh-8(iΔ)
animals laid averages of 26, 50, and 12 embryos on days 1, 2, and 3 of
adulthood, respectively, and had an average brood size of 90 progeny
(n=20). In comparison, wild-type animals laid 77, 177, and 24
embryos on days 1, 2, and 3 of adulthood, respectively, and had an
average brood size of 278 progeny (n=10). In addition, 72% of hlh-8
(iΔ) animals developed either a Pvl or an everted vulva (Evl)
phenotype within 5 days of adulthood (n=46). Wild-type and hlh-8
(−) animals were not Pvl or Evl within the ﬁrst 5 days of adulthood
(nN100). Altogether, hlh-8(iΔ) animals were Con, Semi-Egl, and Pvl/
Evl, in contrast to hlh-8(−) animals thatwere Con and Egl (Figs. 7C-H).
To test the expression of CeTwist target genes, arg-1, ceh-24, and
egl-15, in hlh-8(iΔ) animals, gfp reporter constructs were employed
(Table 1). The promoter regions and expression patterns of these three
genes have been well characterized (Harfe et al., 1998b; Corsi et al.,
2000; Zhao et al., 2007). In the hlh-8(−) animals, no gfpwas expressed
in any of the three gfp reporters (Corsi et al., 2000). Similarly, in hlh-8
(iΔ) animals, arg-1::gfp and NdEbox::gfp (ceh-24) were not expressed
in the animals (nN100). Conversely, egl-15::gfp was expressed in the
vms in 15% of the animals (n=131). In wild-type animals, egl-15::gfp
continued to express for at least 2 days of adulthood (n=32).
However, of the hlh-8(iΔ) animals that did express the construct, the
gfp prematurely turned off in 74% of those animals (n=19) (Table 1).
As with the other characterized phenotypes, hlh-8(iΔ) animals were
not as severe as hlh-8(−) animals, in that they were able to partially
activate one of the CeTwist downstream targets.
We were also interested in characterizing the pattern of the M
lineage in these animals. To accomplish this, a reporter that is expressed
in the M lineage and a reporter that marks the coelomocytes
as an output of proper M lineage division and differentiation were
employed. M lineage patterning and differentiation is tightly controlled
in C. elegans to become body wall muscles, coelomocytes and sex
muscles, including vms, which are derived from sex myoblasts (SMs)
(Fig. 1). An hlh-8 promoter gfp reporter is expressed in theM cell and itsdescendants prior to cell differentiation (pBH47.70, Fig. 3F). This non-
rescuing construct was used to view M patterning and division in
different genetic backgrounds: wild-type, hlh-8(−), and hlh-8(iΔ)
(Table 2). Animals were scored for the dorsal/ventral division of the
ﬁrst M cell division and the number and division of SMs. hlh-8(iΔ)
animals displayed M patterning and differentiation defects, but not as
frequently as the defects as in hlh-8(−) animals (Table 2). To examine
differentiation from the M lineage, we counted the number of
coelomocytes in the mutant animals (Table 1). The posterior 2 of the
6 C. elegans coelomocytes are derived from the M lineage. An intrinsic
coelomocyte marker was used to express gfp in all 6 coelomocytes
(Yanowitz et al., 2004). This construct revealed no signiﬁcant difference
in the number of coelomocytes in hlh-8(iΔ) animals (n=46) compared
to wild-type (n=33). However in hlh-8(−) animals only 77% of the
time there were the correct number of 6 coelomocytes (n=130)
(Table 1). Therefore, it is unlikely that the intron 1 deletion in hlh-8(iΔ)
animals is affecting the differentiation of these cells.
Splicing defects in hlh-8(iΔ) animals
Due to the incomplete penetrance of the hlh-8(iΔ) phenotype and
the position of the intron deletion, we investigated whether there
could be splicing defects at the hlh-8 locus in the mutant animals. RT–
PCR revealed ﬁve spliced products from the hlh-8(iΔ) locus that
were sequenced to determine the genomic location of splicing (Fig. 8).
The two larger molecular weight products were caused by splicing
into intron 1. Protein formation is not predicted to occur from these
Fig. 8. Splicing defects in hlh-8(iΔ) animals. RT–PCR revealed 4 alternate spliced products (asterisks) of hlh-8 in hlh-8(iΔ) animals (Top Gel). Individual clones of spliced fragments
(Bottom Gel). The schematics on the right are drawn to scale. ‘Genomic DNA’ indicates where splicing occurs in each fragment (dotted line). Exons are represented by grey boxes and
introns by solid lines. A black bar indicates the region of DNA removed in hlh-8(iΔ) animals. ‘Spliced Product’ designates the various splice products determined from sequencing
data. ‘Predicted Protein’ depicts the polypeptide that results from each of the spliced products. The third splice product is the wild-type product, identiﬁed by ‘wt’. Premature stop
codons (stop signs) and the frame shift (horizontal arrow) are indicated.
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third spliced product was generated through wild-type splicing. The
hlh-8(iΔ) animals had a decreased level of thewild-type productwhen
normalized against actin transcript levels. The remaining two splice
products corresponded to splicing occurring into exon 2 or directly to
the wild-type exon 3 acceptor site. Splicing into exon 2 led to a
frameshift followedby a stop codon and thus, is not predicted to forma
functional protein. However, the smallest molecular weight transcript
does not cause a frameshift and potentially could result in a protein
product that contained the intact basic domain, but not themajority of
the helix-loop-helix domain. Altogether, the hlh-8(iΔ) animals had
splicing defects that caused anoverall decrease inhlh-8mRNAand four
alternative splice products (Fig. 8). The decrease in CeTwist is likely to
contribute to the phenotype of the hlh-8(iΔ) animals.
Discussion
In this study, it was shown that two conserved E boxes in the ﬁrst
intron of hlh-8, E1 and E2,were necessary to drive gfp expression in the
enteric muscles, hmc, and vms (Fig. 3). Furthermore, in vitro and in
vivo results showed that E2 was more critical for the expression of gfp
in these tissues (Figs. 3, 5) and that hlh-8 undergoes autoregulation
through E2 (Fig. 6). Additionally, hlh-2 RNAi revealed an important
role for CeE/DA in the expression of hlh-8 through E2. Furthermore,
characterization of the hlh-8(iΔ) allele revealed attenuated pheno-
types when compared to hlh-8(−) animals (Fig. 7, Tables 1, 2).
DNA adjacent to E2 is critical for expression in the vms and hmc
This study revealed that DNA in addition to E1 and E2 is important
to enhance expression of gfp in speciﬁc tissues. Intriguingly, the 3′
DNA adjacent to E2 was important for expression in the vms and hmc.
Speciﬁcally, a construct that contained E2 and 133 nucleotides of the
adjacent 3′ DNA had high expression in all tissues (pSM10(E2a);
Fig. 3B). However, removing 60 bps from the 3′ region resulted in no
hmc expression and decreased vm expression from 87% to 22% of theanimals examined (pSM15(E2b); Fig. 3C). In contrast, expression in
the enteric muscles was unchanged in these animals compared to
those that harbored the longer E2 3′ DNA (pSM10(E2a) versus pSM15
(E2b); Figs. 3B,C). A construct that removed an additional 65
nucleotides of the 3′ DNA that corresponds to the remainder of the
deleted nucleotides of the hlh-8(iΔ) allele, was not expressed in the
vms nor the hmc but retained enteric muscle expression (pSM20
(iΔ2); Fig. 3D). These constructs clearly emphasize the importance of
the E2 3′ ﬂanking DNA that is removed in hlh-8(iΔ) animals.
There are two possibilities to explain the importance of the E2 3′
ﬂanking DNA in expression in the vms and hmc. First, the sequence
may be critical for CeTwist dimers to properly bind. Changing the three
nucleotides immediately ﬂanking the E boxes in the promoter of a
CeTwist target, ceh-24, disrupts the activity of the E boxes (Harfe et al.,
1998b). Furthermore, our in vitro gel shift assay results demonstrated
that the seven ﬂanking nucleotides are important for CeTwist-
containing dimers to bind, since both E1 and E2 had the same E box
sequence, CATCAG, yet the dimers bound with differing afﬁnities
(Fig. 5). However, the additional DNA of the constructs used in this
study that affected the activity of E2was at least nine nucleotides away
from E2 (pSM20(iΔ2); Fig. 3D). CeTwist dimer selection may explain
the tissue-speciﬁc expression dependence on the additional 3′ DNA.
Perhaps, CeTwist homodimers control expression in the enteric
muscles and binding of this dimer to the E boxes is not sensitive to
the 3′ DNA sequence. On the other hand, CeTwist/CeE/DA hetero-
dimersmay control hmc and vms expression and this dimer binding is
dependent on the 3′ sequence. Second, the E2 3′ ﬂanking DNA may
contain elements required for a tissue-speciﬁc co-factor to bind,
allowing CeTwist dimers to bind or to function properly. This type of
tissue-speciﬁc regulation has previously been proposed for arg-1, a
downstream target of CeTwist that is expressed in the hmc, vms, and
entericmuscles (Zhao et al., 2007). Three E boxes and another element,
called a GT box, located in the upstream promoter region of arg-1 are
responsible for distinct aspects of tissue-speciﬁc expression. Speciﬁ-
cally, the GT element is important for expression in the hmc and vms,
but does not inﬂuence the expression of arg-1 in the enteric muscles
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elements in the hlh-8 ﬁrst intron, there were sequences 3′ of E2 that
were completely conserved among nematode species and could
represent binding sites for other transcription factors (Fig. 4). Multiple
transcription factors are expressed in the M lineage and the
differentiated cells where CeTwist functions (Reece-Hoyes et al.,
2007) and could be contributing to hlh-8 regulation as well. It will be
important to explore this region of DNA as either a binding element for
a CeTwist co-factor or as an important sequence for proper CeTwist
dimer binding. The deletion of these potential elements could also be
contributing to the hypomorphic phenotypes of the hlh-8(iΔ) animals
(see model below).
E1 may have repressor and enhancer activity
We also uncovered a potential repressor role for E1. The repressor
activity was observed when comparing the construct that contains
both E1 and E2, to the SDM construct with the mutated E1 or to the
construct that contains E2 and lacks E1 (pSM7(E1E2); pSM24(E1mut);
pSM10(E2a); Figs. 3B,E). When E1 is disrupted or not present, the
expression level in the enteric muscles and hmc increased. Interest-
ingly, the DNA directly upstream of E1 is highly conserved between all
5 Caenorhabditis species, and may contain a binding site for an
additional factor (Fig. 4). To explore the possibility of a co-repressor
element in the conserved DNA, the TESS program was used to search
multiple databases for factors that bind to consensus sequences
(http://www.cbil.upenn.edu/tess). However, we did not ﬁnd any
transcription factor binding sites. Therefore, this conserved portion of
DNA could correspond to a binding site for a new factor or represent a
non-consensus site.
Human Twist gene regulation
The concentration of Twist molecules is critical to control because
inappropriate up-regulation of human Twist is implicated as a key
factor for themetastasis of tumors, and coding regionmutations cause
Saethre-Chotzen syndrome, an autosomal dominant disorder (Wilkie,
1997; Yang et al., 2004). In the human Twist gene there are three E
boxes in the 2 kb upstream region, three in intron 1, one ﬂanking
intron 1 and exon 2, one in exon 2, and four in the 2 kb downstream
region. The E box ﬂanking intron 1 and exon 2 has the speciﬁc E1/E2
sequence in the reverse orientation, CAGATG. A recent comprehensive
study of bHLH factors in C. elegans has shown that of the 16 possible E
boxes examined, CeTwist and CeE/DA preferentially bind to three E
boxes, including the hlh-8 E1 and E2 sequence CATCTG (Grove et al.,
2009). It is plausible that the transcriptional regulation is conserved
and human Twist undergoes autoregulation through the CAGATG or a
different E box. In fact, only a fourth of the patients in a recent study
diagnosed with Saethre–Chotzen syndrome had a mutation in the
coding region of the Twist gene (Stenirri et al., 2007). Perhaps,
disruption of an element outside of the Twist coding region could
explain the phenotype of these Saethre–Chotzen syndrome patients.
Furthermore, mutations in Twist regulatory elements could also
provide a molecular basis for other craniosynostotic disorders.
The hlh-8(iΔ) phenotype may be due to a decreased level of wild-type
CeTwist and also disruption of E2 3′ DNA
hlh-8(iΔ) animals had a less severe phenotype than the presump-
tive hlh-8 null mutants. Two important ﬁndings may explain the hlh-8
(iΔ) phenotype. First, RT–PCR unveiled splicing defects in hlh-8(iΔ)
animals due to disruption of the intron 1 splicing acceptor site leading
to four aberrant splice products and a decrease of wild-type CeTwist
mRNA (Fig. 8). Second, the proximity of the 5′ deletion breakpoint of
the hlh-8(iΔ) mutation to E2 may interfere with the autoregulation of
hlh-8 leading to a decreased amount of CeTwist in differentiatedtissues (Fig. 3D). In both scenarios, the lower level of CeTwist would
be predicted to cause less severe phenotypes including partial egg-
laying defects, attenuated M lineage patterning defects, and partial
gene target activation in comparison to hlh-8(−) animals that are
missing functional CeTwist protein. Additionally, the partial vm target
gene activity in hlh-8(iΔ) may be due to the unique regulation of arg-1
and ceh-24 versus egl-15. Indeed, previous studies have shown
animals that are heterozygous for a semi-dominant E29K mutation
in the basic domain of CeTwist do not express egl-15 but do express
arg-1 (Corsi et al., 2002) further emphasizing the unique response of
the genes to the level of wild-type CeTwist.
Model for regulating hlh-8 expression
The elements necessary for hlh-8 expression in the undifferentiated
M lineage cells and coelomocytes have been identiﬁed previously in
the promoter region (Harfe et al., 1998b). Furthermore, it has
previously been reported that Hox factors are responsible for acti-
vating the hlh-8 promoter (Liu and Fire, 2000). This prior information
about hlh-8 ﬁts well with the new gene regulation discovery from
this study.
We propose a model in which the Hox factors bind to the hlh-
8 promoter and are responsible for the expression of a moderate level
of CeTwist in the animal. This moderate level of CeTwist molecules is
sufﬁcient for early M lineage development (Fig. 9A). Once a threshold
of CeTwist molecules accumulates, autoregulation of CeTwist occurs
through the E boxes in the ﬁrst intron, which increases the
concentration of CeTwist molecules in the tissues. This higher level
of CeTwist is required for proper development of the vms (Fig. 9B).
This model ﬁts well with the fact that the vms are derived from M
lineage cells (Fig. 1). However, if E1 and E2 are strictly autoregulatory
elements, then additional unidentiﬁed elements must initially be
responsible for expression of CeTwist in the enteric muscles and the
hmc. Furthermore, it is possible that certain target genesmay require a
higher level of CeTwist for either activation or full expression. Evidence
for this possibility comes from hlh-8(iΔ) animals (Figs 9C,D). These
nematodes had a lower level of CeTwist and were able to partially
activate downstream targets of CeTwist. Additionally, even though
vms were made in hlh-8(iΔ) animals, they did not function properly,
which caused a semi-Egl phenotype. Thus, a threshold of CeTwist was
required for development of vms and certain target gene activation,
but a higher level was needed for proper vm function and the
expression of other CeTwist target genes (Figs. 9C,D). A better
understanding of exactly how individual target genes are regulated
may help in understanding the importance of CeTwist concentration
for speciﬁc function and tissue development.
To clarify the CeTwist transcription regulation model, it will be
important to ﬁnd additional elements in the intron that are re-
sponsible for contributing to the spatial expression of hlh-8 controlled
by E1 and E2. Mutational and RNAi analysis of the factors that bind to
these elements will not only elucidate the transcriptional regulation
of CeTwist, but also unlock CeTwist's relationship with other
transcription factors. Furthermore, an understanding of CeTwist
homodimer and CeTwist/CeE/DA heterodimer individual activities
will provide added support for the model.
The CeTwist regulation model presented here is strengthened by
the fact autoregulation has been reported to affect the temporospatial
expression of other bHLH factors such as PTF1a, a non-Twist family
factor. Interestingly, PTF1a regulates itself through E boxes found
in the promoter region of its own gene. The autoregulatory element
is shown to have a maintenance role in PTF1a expression in the
early epithelium precursors and also later in development to maintain
a superinduction of PTF1a for the differentiation program of
the polarized acinar cells of the pancreas (Masui et al., 2008). How-
ever, the CeTwist autoregulation is unique because it does not share
the maintenance role that PTF1 autoregulation controls. E1 and E2
Fig. 9.Model for the transcriptional regulationof CeTwist. (Left panel)wild-type animals. (Right panel)hlh-8(iΔ) animals. (A)Hox Factors (HOX) cause expressionof CeTwist (T) earlier in
development. CeTwist and an unknown dimer partner (?) activate target genes (black arrows). (B) CeTwist homodimers or CeTwist/CeE/DA heterodimers autoregulate hlh-8 through
intron 1 (T, T/E), leading to an increase of CeTwist molecules, which activate vm target genes. (C) Splicing defects (X) in hlh-8(iΔ) animals (deletion indicated with purple bar) cause an
initial decrease in CeTwistmolecules resulting in a decrease in target gene activation in undifferentiated cells (grey arrow). (D) The lower starting CeTwist concentration coupledwith the
deletion of the 3′ nucleotides adjacent to E2 causes inefﬁcient autoregulation in the M lineage leading to a decrease in vm target gene activation in hlh-8(iΔ) animals (grey arrow).
235S.G. Meyers, A.K. Corsi / Developmental Biology 346 (2010) 224–236elements seem to be important for controlling expression of CeTwist
in distinct cells at speciﬁc developmental time points. Speciﬁcally,
elements in the promoter region control expression of CeTwist in sex
myoblast descendants, which are precursors to the sex muscles, up to
the point of differentiation. In contrast, E1 and E2 of intron 1 are
responsible for CeTwist expression in differentiated vms. This control
mechanism could represent a way to alter the levels of CeTwist and
thereby switch which target genes are regulated in undifferentiated
versus differentiated cells by CeTwist. Furthermore, this regulation of
CeTwist may portray an important universal control mechanism for
transcription factors that play more than one role in the same cell at
different points in development.
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